Abstract. Transient increases in α-fetoprotein (AFP) and protein induced by vitamin K antagonist II (PIVKA-II), so-called flares, are frequently observed after treatment of hepatocellular carcinoma (HCC). In the present study, changes in AFP and PIVKA-II levels after proton therapy (PT), and the relationship between the flare phenomenon and clinical response were investigated. In 82 patients with stage I/II HCC (59 with no recurrence and 23 with out-of-field recurrence within 1 year), serum AFP and PIVKA-II levels were measured at 1, 3, 6, 9 and 12 months post-PT. AFP and PIVKA-II flares were defined as a >20% increase from the preceding serum level above 20 ng/ml (AFP) or 40 mAU/ml (PIVKA-II), followed by a >20% drop. Among the 59 patients with no recurrence, 3 (5.1%) had an AFP flare, while 23 (39%) had a PIVKA-II flare. The median time to AFP and PIVKA-II flare peaks was 1 and 6 months, respectively. In 4 patients, PIVKA-II flares were observed twice during follow-up. In 1 patient, AFP and PIVKA-II flares were observed simultaneously at 1 month post-PT. The PIVKA-II level pre-PT was significantly higher in the PIVKA-II flare-positive group compared with that in the flare-negative group (P=0.015, odds ratio 4.3, 95% confidence interval, 1.3-14.0). In the 23 patients with out-of-field recurrence, the median increase rate of PIVKA-II (203%) was higher than that in the PIVKA-II-flare-positive group (111%, P= 0.035) and the time to recurrence (median, 9 months) was longer than the time to peak AFP level (1 month) in the AFP-flare-positive group (P=0.033). There was no significant association between flares and clinical response. Increases in AFP and PIVKA-II levels following PT should be assessed with caution to avoid misinterpretation of therapeutic outcome.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common tumor and the second most common cause of cancer-related death worldwide (1) . In the last decades, with marked improvements in medical technology and well-established screening programs for high-risk patients, the prognosis of HCC patients has improved (2) . However, although 5-year survival rates after curative treatments like hepatectomy, radiofrequency ablation (RFA), and liver transplantation are as high as 50-70%, only 20-40% patients were able to receive these therapies due to their comorbidities and/or tolerability, in addition to late diagnosis (2, 3) . Recently, proton therapy (PT) has offered promising results to overcome these limitations (4, 5) . To test whether PT is non-inferior to hepatectomy for resectable HCC, a non-randomized controlled study of PT vs. hepatectomy for resectable HCC started in June 2017 (Japan Clinical Oncology Group, JCOG1315C, SPRING study).
After the primary treatment of HCC, active surveillance is essential because the 5-year tumor recurrence rate remains as high as over 50% after curative treatment, including PT (5) (6) (7) (8) . In order to enhance the sensitivity and specificity for HCC detection, measurement of serum tumor markers, especially alpha-fetoprotein (AFP) and protein induced by vitamin K antagonist II (PIVKA-II, also known as des-gamma-carboxy , JUN-ETSU MIZOE 1, 5 and YUTA SHIBAMOTO prothrombin), is recommended to complement imaging examination and is used as a predictor of progression of HCC (9, 10) . Increases in these biomarker levels during follow-up after primary treatments are generally considered to indicate a failure of treatment and tumor progression. In actual clinical settings, however, transient increases in the biomarkers are frequently observed despite the clinical response. This phenomenon is called flare or surge, and may lead to misinterpretation of tumor progression. Several investigators have reported transient increases in several serum tumor markers during the first few weeks after initiation of chemotherapy in different cancers. Some researchers correlated the flare phenomena with better prognosis (11) (12) (13) . However, to the best of our knowledge, no study has yet focused on the transient increase in serum tumor markers during a longer follow-up period after local therapy. In addition, transient enlargement of HCC on diagnostic imaging is also observed during follow-up, but this phenomenon is poorly understood. In this study, therefore, we investigated changes in serum AFP and PIVKA-II levels and tumor size on contrast-enhanced magnetic resonance imaging (MRI) during a 1-year follow-up period after PT, and analyzed factors potentially associated with this flare phenomenon.
Materials and methods
Patients. Between September 2013 and March 2016, 97 patients with stage I/II HCC (TNM Classification of Malignant Tumours Ver. 7, the Union for International Cancer Control) were prospectively treated with PT according to the protocols approved by the institutional review board [no. 12-02-22 (18) ]. Among them, one patient who were taking warfarin and 14 patients who were lost to the regular follow-up (blood tests and MRI could not be performed as scheduled) were excluded from analysis. In addition, since it is difficult to distinguish the transient increase in the tumor markers caused by PT from the elevation caused by recurrence outside of the PT field, 23 patients who had an out-of-field recurrence within 12 months after PT were analyzed separately for comparison. Thus, 59 HCC patients were analyzed with respect to the flare phenomena in this study (Fig. 1) . Table I shows patient and treatment characteristics. Sixteen (27%) of the 59 patients had received previous treatments such as hepatectomy, RFA, transarterial embolization, and transarterial chemoembolization.
Evaluation of tumor markers. Serum levels of AFP and PIVKA-II were measured before PT, and at 1, 3, 6, 9, and 12 months after PT. The cut-off levels for serum AFP and PIVKA-II were 20 ng/ml or 40 mAU/ml, respectively, at our institution. AFP and PIVKA-II flares were defined as a >20% increase from the level at the preceding measurement in the range above the cut-off level, followed by a >20% drop upon subsequent measurements, according to the criteria used in studies of the flare phenomenon after chemotherapy (11, 12) . If serum elevation was observed at 12 months after PT, a drop in the serum level was confirmed thereafter. Although consecutive rises were counted as a single flare, inconsecutive increases were analyzed independently. For comparison, serum elevations in AFP and PIVKA-II at the time of recurrence were also defined by the same criteria (>20% increase and over cut-off levels). AFP and PIVKA-II were measured by chemiluminescence immunoassay (CLIA).
Evaluation of contrast-enhanced magnetic resonance imaging. Gd-EOB-DTPA-enhanced dynamic MRI was performed with 2.5 mm slice thickness, and the longest diameter of the lesion was measured on the hepatobiliary phase images. Even when a hypointensity nodule was observed on T1-and/or T2-weighted images, disappearance of the target lesion in the hepatobiliary phase was regarded as a complete response (CR). When the tumor diameter was difficult to measure, arterial, portal venous, and diffusion-weighted images were also evaluated. The tumor diameter was measured by two radiologists who had access to the patients' clinical information. The inter-observer differences were less than 7% in all cases, and the two measured diameters were averaged. Transient enlargement was defined as a >10% increase in the longest tumor diameter between consecutive MR imaging studies, followed by a >10% decrease upon subsequent measurements. Tumor progression was diagnosed by consecutive enlargement at 2 follow-up examinations over 6 months. Responses to treatment were evaluated with dynamic MRI studies following the RECIST guidelines (14) .
Proton therapy. PT was performed with PROBEAT-III (Hitachi Ltd., Tokyo, Japan) at Nagoya Proton Therapy Center. Details of the system have been described previously (15, 16) . Our methods of PT planning and delivery have been described in detail previously (17, 18) . Prior to PT, patients underwent gold marker implantation near or inside the tumor for target matching and replanning. 2-mm-thick computed tomography (CT) images at the expiration phase were taken and fused with Gd-EOB-DTPA-enhanced dynamic MRI or contrast-enhanced CT, which were used for gross tumor volume (GTV) contouring. In addition to the GTV, the internal gross target volume included respiratory motions, and 3-6 mm margins were added as an intra/interfractional margin for the internal clinical target volume (ICTV). The planning target volume (PTV) included ICTV and setup margins. The delivered dose of PT was 66 GyE in 10 fractions for peripheral HCC located more than 2 cm from the porta hepatis and 72.6 GyE in 22 fractions for HCC located within 2 cm of the porta hepatis. The ideal PTV dose constraint was D98% (dose received by 98% of the volume of the PTV) >95%, which was adjusted to satisfy the organs at risk (OARs) dose limit of the liver-GTV and intestinal tract. The planning constraint for the standard liver volume (remnant liver volume irradiated <1 GyE) was ≥35%.
Statistical analysis. Factors associated with the PIVKA-II flare phenomena were analyzed by univariate analysis using the Fisher's exact test as well as multivariate analyses using logistic regression model. Age, gender, etiology, Child Pugh class, stage, previous treatment, protocol, tumor marker rise before PT, transient increase in AFP and size, and response at 12 months were included as variables for univariate analysis. Variables with a P-value less than 0.1 in the univariate analysis (non HBV/HCV disease and PIVKA-II rise before PT) were included in the multivariate analysis. Relationship between the PIVKA-II or AFP flare and out-of-field recurrence was also assessed by Fisher's exact test. Mann-Whitney U test was used to compare the median increase rates of PIVKA-II and AFP, and times to peak PIVKA-II/AFP levels, times to recurrence between the flare-positive and out-of-field recurrence groups, pretreatment levels of PIVKA-II between the groups with and without flare phenomena, and tumor size, GTV, and PTV with and without the flare. A P-value <0.05 was considered significant. Statistical analyses were performed using EZR (Easy R, Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a modified version of R commander (version 1.6-3) (19) .
Results
Pretreatment levels of AFP and PIVKA-II were elevated in 39 and 46%, respectively, of the patients with no recurrence and, 48 and 61%, respectively, of the patients with out-of-field recurrence (Table I) . Among the 59 patients with no recurrence, 23 (39%) had a PIVKA-II flare and the median time to the flare peak was 6 months (Table II) . The median transient increase rate compared with the level at preceding examinations (i. e., level after elevation minus level before elevation/level before elevation) was 111% (range, 24-3740%) for PIVKA-II. On the other hand, AFP flares were observed in 5.1%. The median time to the flare was 1 month and the median rate of increase was 32% (range, 30-42%).
No patient developed in-field recurrence during the 12-month follow-up, whereas 23 patients in the other group developed out-of-field recurrence (Fig. 1) . Table III compares data on AFP and PIVKA-II levels between the groups with or without recurrence. In the 23 patients with out-of-field recurrence, the median increase rate of PIVKA-II (203%, range 70-2773) was higher than that in the PIVKA-II-flare-positive group (111%, range 24-3740, P=0.035). The median time to recurrence was 9 months (range, 1-12 months) and it was longer than the time to peak AFP level (1 month) in the AFP-flare-positive group (P= 0.033). Two of 12 (17%) patients with no pretreatment AFP elevation showed AFP elevation at recurrence, and four of 9 (44%) patients with no pretreatment PIVKA-II elevation showed PIVKA-II elevation at recurrence. Seven of 11 (64%) patients with pretreatment AFP elevation showed AFP elevation at recurrence, and 11 of 14 (79%) patients with pretreatment PIVKA-II elevation showed PIVKA-II elevation at recurrence.
In the no-recurrence group, the median longest tumor diameter was 22 mm (range 8-133 mm) at diagnosis. Three (5.1%) exhibited transient enlargement. The median time to peak enlargement was 1 month (range, 1-3 months) after PT, and the median increase rate was 22% (range, 14-30%) (Table II) . Table IV summarizes tumor size, GTV, and irradiated liver volume (PTV) in groups with or without the flare phenomena. Median GTV of tumors with AFP flare tended to be greater than that without AFP flare (P= 0.094). Fig. 2A shows a representative case of pseudoprogression in which the tumor size enlarged at 1 month after PT but shrinked thereafter. Although their sizes increased, contrast enhancement in the arterial phase was weaker than the pretreatment levels. For reference, Fig. 2B shows a case with in-field recurrence developing after the 12-month follow-up. The tumor size increased at 15 months after PT and further at 18 months. This patient had a PIVKA-II flare at 1 month after PT.
AFP and PIVKA-II flares were observed during two or more follow-up visits in one and 8 patients, respectively. In one patient, the transient increase of PIVKA-II lasted from 3 to 9 months, which was the longest flare duration. PIVKA-II flares were also observed twice during follow-up in four patients (Fig. 3) . Both PIVKA-II flare and transient tumor enlargement on MRI were observed in 2 patients (Fig. 4) . Among them, 1 patient also had simultaneous PIVKA-II flare and transient enlargement at 1 month after PT (Fig. 4B) . Table V shows the univariate and multivariate analyses used to detect factors associated with the flare phenomenon of PIVKA-II. Age (< or ≥median, 67 years), gender, infection status of HCV and HBV, Child-Pugh class, stage, previous treatment, PT protocol, tumor marker elevation before PT, transient increase in AFP or size, and response at 12 months after PT were selected as variables. In the multivariate analysis, pretreatment elevation of PIVKA-II before PT was Table II . AFP and PIVKA-II levels in groups with/without flare phenomena and transient increase on MRI.
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Increase rate% associated with PIVKA-II flares (P= 0.015, odds ratio 4.3, 95% confidence interval 1.3-14.0). Fig. 5 shows pretreatment PIVKA-II serum levels in no-recurrence groups with or without PIVKA-II flares; the PIVKA-II levels were higher in the group with the flare than in the group without it (median, 72 and 30.5 mAU/ml, respectively; P=0.014).
Regarding the relationship between the flare phenomena and out-of-field recurrence, PIVKA-II flare tended to be more often observed in the no-recurrence group (23/59=39%) than in the out-of-field recurrence group (4/23=17%; P=0.072), but AFP flare was not related to out-of-field recurrence (P=0.34).
Discussion
Besides imaging studies, serum levels of AFP and PIVKA-II are good surveillance tools due to their wide utility, and they complement image examinations to maximize early detection of HCC (20) . Recent studies suggested that the combination of AFP and PIVKA-II improved the detection rate of HCC, and was useful to measure treatment response and monitor recurrence (21, 22) . As the combination of PIVKA-II and AFP may increase sensitivity without decreasing specificity, the guidelines of the Japan Society of Hepatology recommended to measure these biomarkers during HCC surveillance (10) . A recent study showed that the tumor markers might elevate at 0.5-1.5 years before the HCC lesion becomes obvious on diagnostic imaging (23) . Furthermore, AFP and PIVKA-II elevation may suggest micrometastases, which may result in early recurrence within weeks or months after primary treatment (21, 24) . Therefore, elevation of tumor markers within 1 year after primary treatment requires special attention.
However, the present study indicated that transient increases could be observed in both AFP and PIVKA-II levels during the 12-month follow-up period after PT regardless of therapeutic response. Compared to the out-of-field recurrence, the PIVKA-II increase rates were considerably lower in the PIVKA-II-flare group (P= 0.035). The AFP-flare peak was observed earlier than in the recurrence group (P=0.033), but this was not the case for PIVKA-II (P= 0.34). One case showed the transient increase lasting for more than 6 months and in other cases, the flare phenomena were observed twice during 12 months after PT. These observations might imply that several mechanisms could be involved in the transient increases. The flare phenomenon observed at early periods may be related to tumor cell lysis, as reported for several cancers treated by chemotherapy (11) . In the AFP-flare group, the tumor size (GTV) tended to be larger and the flare tended to be observed at early periods; this observation would support the hypothesis that the early flares would be caused by HCC lysis. On the other hand, AFP elevation was also reported to be triggered by acute hepatitis (25) , and it was thought that damages to liver cells may result in activation of hepatocyte turnover and elevation of these tumor markers (26) . In contrast, the late flare may be due in part to focal liver parenchymal damage and/or compensatory enlargement of unirradiated liver caused by PT (27, 28) . PIVKA-II transient increases were observed through a year period after PT and it was reported that liver cell damage triggered cell regeneration followed by an increase of the PIVKA-II serum level (23) . Since AFP flare was not observed in the later period, the AFP flare in this study Table III . AFP and PIVKA-II data in the out-of-field recurrence group vs. non-recurrence group. Table IV . Longest diameter, gross tumor volume (GTV), and planning target volume (PTV) in groups with or without flare phenomena. might have been mainly triggered by HCC lysis. Therefore, increases of AFP level in the later period after PT may require careful attention to recurrences.
In univariate and multivariate analyses, only pretreatment elevation of PIVKA-II before PT was associated with the PIVKA-II flare. It is not surprising that the flare phenomenon more often occurs in patients with high pretreatment tumor marker levels. In patients with a high pretreatment level, the flare phenomenon was seen in 59% (16/27) . Even in patients with a normal pretreatment level, the phenomenon was observed in 22% (7/32) . On the other hand, PIVKA-II elevation at out-of-field recurrence was observed in 79% (11/14) of patients with pretreatment PIVKA-II elevation and in 44% (4/9) of patients with no pretreatment elevation. Therefore, it seems difficult to estimate whether post-PT elevation of PIVKA-II is the flare or recurrence from the pretreatment level alone. Serial examinations are necessary to distinguish between the two, but the increase rate would be of some help, since the rate was higher in the recurrence group. In addition, simultaneous evaluation of AFP levels should also be helpful.
In our study, 5.1% of the patients exhibited transient enlargement of the lesion on MRI at 1-3 months after PT. Overall, contrast enhancement in the arterial phase was weaker than that of the pretreatment lesion, which implies tumor necrosis and decrease of HCC activity (29) . Although the mechanism of the transient enlargement was unclear, a previous study indicated that radiation therapy could induce sinusoidal congestion and hyperemia in the early phase after irradiation (30) . In that study, the target lesion in some patients also showed transient enlargement after radiation. PT would induce the same mechanism, which may result in pseudoprogression of the target lesion. Moreover, as shown in the present study, it is (Pt 1-4 ). x-axis indicates months after PT while y-axis shows serum levels of PIVKA-II (mAU/ml). The flare peak was observed at 3 and 9 months in Pt 1, at 3 and 12 months in Pt 2 and 4, and at 1 and 9 months in Pt 3. PT, proton therapy; Pt, patient; PIVKA-II, protein induced by vitamin K antagonist II. Table V . Univariate and multivariate analyses of factors associated with flare phenomena of PIVKA-II. noteworthy that a transient elevation in the PIVKA-II level and pseudoprogression on MRI could be observed simultaneously in the early period after PT. In order to predict whether tumor recurrence will indeed occur, a dynamic imaging study should be performed to assess obvious arterial uptake and wash-out in the delayed phase as well as treatment-induced necrosis, which was recently proposed in modified RECIST and RECICLE to assess treatment response of HCC (31, 32) . Our study has several limitations. The study size was relatively small and the patients had various backgrounds. In addition, the definition of flare in our study was arbitrary. Therefore, the conclusion might be biased by these factors. Moreover, as the follow-up duration in this study was relatively short, it was inconclusive whether the transient increase was related with eventual development of HCC. Further studies are required to ensure whether other locoregional treatments, such as RFA, also cause transient increases in tumor markers to investigate the mechanism of the flare phenomenon.
In summary, increases in tumor marker serum levels as well as tumor size on imaging examination should be assessed with extra caution to avoid misinterpretation of therapeutic outcome. The combination of the serum biomarkers AFP and PIVKA-II and dynamic imaging examination is essential to monitor tumor progression after PT.
